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ABSTRACT 10 
 11 
Many minerals based upon antimonite and antimonate anions remain to be 12 
studied. Most of the bands occur in the low wavenumber region, making 13 
infrared spectroscopy difficult to use. This problem can be overcome by 14 
using Raman spectroscopy. Raman spectra of the mineral klebelsbergite 15 
Sb4O4(OH)2(SO4)  were studied, and related to the structure of the mineral.   16 
Raman bands observed at 971 cm-1 and a series of overlapping bands are 17 
observed at 1029, 1074, 1089, 1139 and 1142 cm-1 are assigned to the SO42- 18 
ν1 symmetric and ν3 antisymmetric stretching modes.  Two Raman bands 19 
are observed at 662 and 723 cm-1 and assigned to the SbO ν3 antisymmetric 20 
and ν1 symmetric stretching modes.   The intense Raman bands at 581, 604 21 
and 611 cm-1 are assigned to the ν4 SO42- bending modes.   Two overlapping 22 
bands at 481 and 489 cm-1 are assigned to the ν2 SO42- bending mode.  Low 23 
intensity bands at 410, 435 and 446 cm-1 may be attributed to OSbO 24 
bending modes.  The Raman band at 3435 cm-1 is attributed to the OH 25 
stretching vibration of the OH units.  Multiple Raman bands for both SO42- 26 
and SbO stretching vibrations support the concept of the non-equivalence 27 
of these units in the klebelsbergite structure. It is proposed that two 28 
sulphate anions are distorted to different extents in the klebelsbergite 29 
structure.   30 
 31 
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INTRODUCTION 36 
 37 
The mineral klebelsbergite was first identified by Zsivny in 1929 1 from antimony deposits 38 
from Felsöbánia, Hungary and was named after a Hungarian educator.  A complete 39 
description of the mineral was achieved by Nakai and Appleman2.  The mineral has been 40 
found in a number of localities worldwide3-6.  The mineral has been identified in sulphurous 41 
springs and associated gaseous emissions4.  Klebelsbergite consists of pale yellow to pale 42 
orange-yellow crystals on a stibnite matrix.  The mineral is fundamentally an antimony 43 
sulphate and is orthorhombic. The only other naturally occurring antimony sulphate is the 44 
mineral peretaite Ca(SbO)4(OH)(SO4)2·2H2O.  An inorganic compound equivalent to the 45 
mineral klebelsbergite has been synthesised by simply boiling Sb2O3 with sulphuric acid 2.  46 
The structure of the mineral consists of units of Sb3+O polyhedra and units of SO42- tetrahedra 47 
7.  According to Menchetti and Sabelli, 7 the antimony polyhedra show features intermediate 48 
between SbO3 tetrahedra with a lone pair of electrons on the antimony and SbO4 trigonal 49 
bipyramid with a lone pair of electrons on the antimony.  The antimony polyhedra are 50 
connected to each other through edge sharing to form Sb-O sheets parallel to (001). Adjacent 51 
antimony sheets are linked by the sulphate units and through hydrogen bonding. 52 
 53 
Based upon infrared spectroscopy, Nakai and Appleman 2 concluded that there was more than 54 
one type of S-O bond in the mineral klebelsbergite and that the sulphate tetrahedra are 55 
significantly distorted.  Raman spectroscopy has proven especially useful for the study of 56 
molecular structure of minerals.  As part of a comprehensive study of the molecular structure 57 
of secondary minerals containing oxy-anions, formed in the oxide zone, using IR and Raman 58 
spectroscopy, we report the Raman properties of the antimonate mineral klebelsbergite.  The 59 
aim of this paper is to report the Raman spectra of klebelsbergite and relate the spectra to its 60 
crystal chemistry. The paper follows the systematic research on Raman and infrared 61 
spectroscopy of secondary minerals containing oxy-anions formed in oxidation zone.            62 
 63 
EXPERIMENTAL 64 
 65 
Minerals 66 
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 67 
The mineral klebelsbergite Sb4O4(OH)2(SO4) was obtained from the Mineralogical Research 68 
Company.  The mineral originated from Pereta Mine, Grosseto Province, Tuscany, Italy. 69 
 70 
Raman spectroscopy 71 
 72 
Crystals of klebelsbergite were placed on a polished metal surface on the stage of an 73 
Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 74 
microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 75 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 76 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 77 
nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range 78 
between 100 and 4000 cm-1. Repeated acquisition on the crystals using the highest 79 
magnification (50x) were accumulated to improve the signal to noise ratio in the spectra. 80 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  However, differences in 81 
intensity may be observed due to minor differences in the crystal orientation. The Raman 82 
spectra of the oriented single crystals are reported in accordance with the 83 
parallel/perpendicular notation.   84 
 85 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, Germany) 86 
software package which enabled the type of fitting function to be selected and allowed 87 
specific parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-88 
Gauss cross-product function with the minimum number of component bands used for the 89 
fitting process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and fitting 90 
was undertaken until reproducible results were obtained with squared correlations ( r2) 91 
greater than 0.995.  Band fitting of the spectra is quite reliable providing there is some band 92 
separation or changes in the spectral profile.   93 
RESULTS AND DISCUSSION 94 
 95 
The Raman spectrum of the mineral klebelsbergite in the 1000 to 4000 cm-1 range is shown in 96 
Fig. 1.  This spectrum displays the position and relative intensities of the Raman bands.  The 97 
Raman spectrum in the 800 to 1300 cm-1 region is shown in Fig. 2.  The Raman spectrum is 98 
dominated by a sharp intense band at 971 cm-1 attributed to the ν1 SO42- symmetric stretching 99 
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mode.  Nakai and Appleman 2 measured the infrared spectrum of klebelsbergite and found 100 
two infrared bands at 955 and 935 cm-1 which these authors assigned to the ν1 SO42- 101 
symmetric stretching vibration. However this assignment may not be correct.  In this work we 102 
observed a Raman band at 936 cm-1 which corresponds well with the infrared band of Nakai 103 
and Appleman observed at 935 cm-1. A Raman spectrum of klebelsbergite from Pereta mine, 104 
near Grosseto, Tuscany, Italy is given in the RRUFF data base 105 
[http://rruff.info/Klebelsbergite] (Reported in Fig. S1).  A single intense band is observed in 106 
this spectrum at 970 cm-1. The position of this band corresponds well with the position of the 107 
symmetric stretching mode found in this work. The infrared band at 935 cm-1 is of very low 108 
intensity and to be assigned to a symmetric stretching mode seems unlikely where one would 109 
expect a sharp intense band.  A more likely assignment is that this band is due to hydroxyl 110 
deformation modes.  In the Raman spectrum (Fig. 2) Raman bands are observed at 1029, 111 
1074, 1089, 1139 and 1142 cm-1.  These bands are assigned to the ν3 SO42-  antisymmetric 112 
stretching mode.  For the RRUFF spectrum of klebelsbergite, Raman bands are observed at 113 
1026, 1084 and 1140 cm-1 in agreement with the identification of Raman bands in these 114 
positions in this work.   Nakai and Appleman 2 reported infrared bands at 1050, 1080 and 115 
1130 cm-1 and attributed these bands to this vibrational mode.  The observation of multiple 116 
bands in this spectral region proves the distortion of the sulphate anion and the removal of the 117 
vibrational mode degeneracy.  The observation of a strong infrared band at 955 cm-1 also 118 
supports the concept that the sulphate anion is strongly distorted and the degeneracy of the ν3 119 
and ν4 vibrational modes is removed.  In the Raman spectrum there appears to be two sets of 120 
bands: (a) 1029, 1074 and 1139 cm-1 and (b) 1029, 1089 and 1142 cm-1.  The Raman 121 
spectrum from the RRUFF data base of klebelsbergite also shows two sets of bands in the ν3 122 
SO42- antisymmetric stretching region (please see Fig. S1).  Based upon this observation, it is 123 
proposed that there two different sulphate anions in the structure of klebelsbergite with 124 
differing degrees of distortion with one sulphate anion being more distorted than the second. 125 
Such information cannot be obtained through X-ray diffraction where only a picture of an 126 
average of the structure of all sulphates is obtained.   127 
 128 
The Raman spectrum of klebelsbergite in the 400 to 800 cm-1 region is displayed in Fig. 3.  129 
Two Raman bands are observed at 662 and 723 cm-1.   These bands are assigned to the SbO 130 
ν3 antisymmetric and ν1 symmetric stretching modes.   According to Siebert 8, 9 all bands in 131 
the 600 to 900 cm-1 range are assignable to SbO stretching vibrations. The observation of 132 
multiple bands in the Raman spectrum of klebelsbergite provides evidence for the non-133 
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equivalence of SbO units in the klebelsbergite structure.  X-ray crystallography would 134 
suggest that the SbO units are identical 10-12.  Such a conclusion of the non-equivalence of 135 
SbO units was also made from the Raman spectrum of brandholzite Mg[Sb(OH)6]2·6H2O. In 136 
the infrared spectrum of antimony pentoxide an intense band is observed at 740 cm-1 and low 137 
intensity bands at ~370, 450 and 680 cm-1 13.  The infrared spectrum of valentinite (Sb2O3)4 138 
showed bands in similar positions 13.   139 
 140 
The intense Raman bands at 581, 604 and 611 cm-1 are assigned to the ν4 SO42- bending 141 
modes.   The Raman spectroscopy of the aqueous sulphate tetrahedral oxyanion yields the 142 
symmetric stretching (1) vibration at 981 cm-1, the symmetric bending (2) mode at 451  143 
cm-1, the antisymmetric stretching (3) mode at 1104 cm-1 and the antisymmetric bending (4) 144 
mode at 613 cm-1 13.  The Raman spectrum of peretaite Ca(SbO)4(OH)2(SO4)2·2H2O shows an 145 
strong Raman band at 610 cm-1, which is also attributed to the ν4 SO42-  bending mode.  In the 146 
Raman spectrum from the RRUFF data base, two intense bands are found at 580 and 605 cm-147 
1 and may be ascribed to this ν4 SO42-  bending mode (Supplementary information Fig. S2).   148 
Two overlapping bands are observed at 481 and 489 cm-1 and are assigned to the ν2 SO42- 149 
bending mode.  Multiple bands are also observed in the Raman spectrum of klebelsbergite 150 
from the RRUFF data base (Fig. S2) The observation of multiple ν2 and ν4 bands confirms 151 
and supports the concept of strong distortion of the sulphate anion.  The low intensity bands 152 
at 410, 435 and 446 cm-1 are attributed to OSbO bending modes.   Multiple bands support the 153 
concept that OSbO units are different. This concept fits well with two types of structural units 154 
in the klebelsbergite structure namely SbO3 tetrahedra with a lone pair of electrons on the 155 
antimony and SbO4 trigonal bipyramid with a lone pair of electrons on the antimony.  The 156 
Raman spectrum of klebelsbergite in the 100 to 400 cm-1 region is displayed in Fig. 4.   A 157 
significant number of well resolved bands are observed in this spectral region. The Raman 158 
bands at 303 and 326 cm-1 are assigned to OSbO bending vibrations. The bands at 205, 225 159 
and 238 cm-1 are considered to be associated with hydrogen bonding in the structural units. 160 
Raman bands below 170 cm-1 are considered to be due to lattice vibrations.  161 
 162 
The Raman spectrum of klebelsbergite in the 3200 to 3600 cm-1 region is reported in Fig. 5.  163 
Raman bands in this spectral region are of low intensity. The Raman band at 3435 cm-1 is 164 
attributed to the OH stretching vibration of the OH units in the klebelsbergite structure.  165 
Nakai and Appleman 2 determined the infrared spectrum of klebelsbergite and found an 166 
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infrared band at 3435 cm-1 which is in harmony with the Raman band determined in this 167 
work.   A low intensity band at 3357 cm-1 may be due to the presence of water in the 168 
structure.   However no bands were determined in the 1590 to 1670 cm-1 region. The lack of 169 
bands in both the Raman and infrared spectra in this spectral region, suggests that water is not 170 
involved in the klebelsbergite structure.  171 
 172 
CONCLUSIONS 173 
 174 
The mineral klebelsbergite Sb4O4(OH)2(SO4)  is formed through the action of sulphuric acid 175 
on antimony oxide Sb2O3 . The mineral is pale yellow to pale orange-yellow crystals on a 176 
stibnite matrix and can be confused with like minerals, including peretaite and coquandite, 177 
the other known antimony bearing sulphate minerals. Raman spectroscopy enables the 178 
mineral to be characterised and identified.   Raman spectra have been studied and related to 179 
the molecular structure of the mineral.  Raman bands were attributed to the sulphate 180 
stretching and bending modes. As well Raman bands were assigned to SbO stretching and 181 
OSbO bending vibrations. Multiple Raman bands in the SO42- ν3,  ν2, ν4 regions supports the 182 
concept of a strongly distorted sulphate structure.  It is proposed that different sulphate anions 183 
are distorted to different extents in the klebelsbergite structure.  Raman band at 3435 cm-1 is 184 
attributed to the OH stretching vibration of the OH units in the klebelsbergite structure.  No 185 
evidence is found to support the concept that water is involved in the klebelsbergite structure. 186 
Multiple SbO stretching vibrations support the concept of the non-equivalence of SbO3 units 187 
in the klebelsbergite structure. Such a concept fits well with the X-ray crystallographic 188 
structure, in which SbO3 tetrahedra and SbO4 trigonal bipyramid with a lone pair of electrons 189 
on the antimony. 190 
 191 
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